Streptomyces pini sp. nov., an actinomycete isolated from phylloplane of pine (Pinus sylvestris L.) needle-like leaves A novel siderophore-producing actinomycete, designated PL19 T , was isolated from the Scotspine needle-like leaves collected from TNAU campus, Coimbatore, India. The isolate was chemoorganotrophic in nutrition and able to grow at 30 C, and the optimum pH and NaCl facilitated the growth pH 6-11 and 0-8 % (w/v), respectively. The cells are filamentous and the mycelia formed are basically of wide and intricately branched substrate mycelium from which aerial mycelia arises, later gets differentiated into spores that are warty and arranged spirally. The 16S rRNA gene of strain PL19
Taxonomically, the genus Streptomyces was placed under phylum Actinobacteria, order Streptomycetales and family Streptomycetaceae. Members of the genus Streptomyces are commonly distributed in soil and are aerobic, chemoheterotrophic bacteria capable of producing widely and intricately branched, substrate mycelia that can produce diffusible pigments, and from these substrate mycelia, aerial mycelia also arise and differentiate into spores (K€ ampfer, 2012) . These bacteria could be stained by non-acid alcoholfast staining techniques, depicting Gram-stain-positive characteristics. At the time of writing, members of the genera Streptomyces, Kitasatospora and Streptacidiphilus of the family Streptomycetaceae are unable to be differentiated by genotypic and phenotypic methods, in particular the genus Streptomyces comprises more than 786 species with validly published names, hampering its identification (K€ ampfer, 2014; Parte, 2014) . Physiological and chemotaxonomically differentiating features unique to the genus Streptomyces include DNA G+C content (66-73 mol%), cell-wall peptidoglycan possessing significant amounts of LL-diaminopimelic acid (DAP) with absence of characteristic sugars, and growth in a wide range of pH (pH 5-11.5) with optimum growth at pH 6.5 to 8.5 (K€ ampfer et al., 2014; Embley & Stackebrandt, 1994) .
The genus Streptomyces was the highly abundant heterotrophic, Gram-stain-positive, dominant culturable bacteria (1-20 %) of soil systems, whose members were involved in nutrient cycling, biodegradation and antibiotic production (Pepper et al., 2015) . Members of the genus Streptomyces were reported as agents that produce biologically active molecules like antibiotics, extracellular enzymes and antagonistic compounds against phytopathogens. Further, the presence of several plant growth promoting properties makes these bacteria a suitable candidate to enhance crop production in agricultural fields (refer Selvakumar et al., 2015) . A few species of the genus Streptomyces were reported as potential siderophore producers; they sequester Fe, limiting its availability for the phytopathogens, and a few types of siderophores chelated nickel (Ni), solubilized iron (Fe) and promoted cowpea plant growth under Ni stress conditions (Macagnan et al., 2008; Dimkpa et al., 2008) .
Previous studies have documented the occurrence of Streptomyces in Pinus sylvestris, mainly in the root-free soils, rhizosphere, mycorrhizosphere and even as a beneficial endosymbiont of the pine beetle Dendroctonus frontalis (Strzelczyk & Szpotanski, 1989; Scott et al., 2008 Thus Streptomyces are far more important plant-associated bacteria than it has been generally recognized. While screening for phyllosphere methylotrophic bacteria, strain PL19 T was isolated from Scots pine needle-like leaves (Pinus sylvestris) collected from Tamil Nadu Agricultural University (TNAU) campus, Coimbatore, India (11 N 77 E) . This taxonomic study using a polyphasic approach revealed that the isolate recovered from P. sylvestris could be a novel species accomadated within the genus Streptomyces.
Strain PL19
T was recovered by the leaf imprinting method in ammonium mineral salts medium (Whittenbury et al., 1970) amended with 0.5 % (v/v) methanol as carbon source and cycloheximide (10 µg ml
À1
) to prevent fungal growth. Strain PL19
T was routinely sub-cultured on R2A agar (Difco) at 30 C and maintained as a glycerol stock (50 %, v/v) at À80 C. Morphological and physiological characteristics were analysed as described by Williams et al. (1989) included. Observations of spores and mycelium were carried out using light microscopy and SEM. Fixation of materials were done as described by Bozzola & Russell (1998) . For SEM studies, the samples were cleaned, critically dried and stabilized with a fixative, mounted in metal holder, then samples were coated with gold/palladium and were scanned using a SEM equipped with a GEMINI column (Hitachi S-2500C). R2A agar medium was used for testing the psychrophilic to thermophilic growth (4-45 C) and NaCl concentration (0-10 %, w/v) affecting the growth potential.
The catalase test was determined by adding 3 % H 2 O 2 to an exponentially grown culture, with a positive result ascertained by formation of bubbles of O 2 gas. The oxidase test was performed with 1 % (w/v) tetramethyl--phenylenediamine addition on the culture with a positive result of dark purple colour formation within 10-30 seconds. Both the tests were performed as per Cappuccino & Sherman (2014) . The hydrolytic potential of the isolated strain was tested using substrates including carboxymethyl-cellulose (CMcellulose) and starch that were amended in R2A agar. Starch hydrolysis was identified using Lugol's solution, and CMcellulose hydrolysis was ascertained by staining with 1 % (w/v) congo red indicator for 15 min, after which 1 M NaCl solution was poured and incubated for 15 min; a positive result was depicted by the formation of a clear zone. Lipolytic activity was tested using Tributyrin agar amended with emulsified tributyrin (1 % v/v), and the proteolytic activity was tested in TSA agar amended with 1.5 % skimmed milk.
Positive activity was detected by screening the plates for the presence of clearing zones around colonies indicating hydrolysis.
The siderophore-producing ability of the strain was tested using the Chrome Azurol S (CAS) chemical assay (Schwyn & Neilands, 1987) . The antibiogram of the strain was determined as per Collins et al. (2004) using the minimum inhibitory concentration method. The test was performed on R2A agar plates supplemented with different antibiotics in incremental concentrations (0-250 µg ml
). The bacteria was grown to an OD 620 of 1.0, spread on the antibioticamended plates and incubated for 72 h at 30 C.
A morphological feature of isolate PL19 T was consistent with its assignment to the genus Streptomyces (Manfio et al., 1995; Mao et al., 2007; K€ ampfer et al., 2012) . The actinobacteria developed a branched substrate mycelium like roots, with abundant aerial hyphae that differentiated into rough to warty, oval-shaped spores (0.82-1.23Â0.87-1.31 µm) in spiral spore chains (Fig. 1) . The carbon source and other nutrient utilization pattern was determined using Biolog GP2 MicroPlates (Poonguzhali et al., 2006; Madhaiyan et al., 2007) . In addition, phenotypic and chemotaxonomic characteristics that differentiate strain PL19
T from its evolutionarily closest relatives are summarized in Table 1 and the species description.
Genomic DNA extraction was carried out as per Wilson (1997) . Amplification and sequencing of the 16S rRNA gene of the strain PL19 T using the primers 27F and 1492 R (Delong, 1992) was performed as described earlier (Madhaiyan et al., 2013a, b) . 16S rRNA gene (1436 bp) sequence similarity with the phylogenetically nearest neighbours was ascertained and their pairwise similarity calculation was achieved using the EzTaxon server (http://eztaxon-e.ezbiocloud.net/) , evolutionarily nearest neighbour sequences were aligned using the CLUSTAL W tool in MEGA software package version 6.0 (Tamura et al., 2013) . Different algorithms including the neighbour-joining, maximum-parsimony and maximum-likelihood methods were used for phylogenetic tree reconstruction with bootstrap values set at 1000 replications (Saitou & Nei, 1987; Felsenstein, 1981 Felsenstein, , 1985 Fitch, 1971 . The topologies of phylogenetic trees built using the maximum-parsimony and maximum-likelihood algorithms were similar to those of the tree reconstructed using neighbour-joining analysis (Fig. 2) . The strain PL19
T also formed a unique phyletic line with S. barkulensis, and a close subclade showed a corresponding branch composed of close relatives, that were also recovered by all the three treeing programmes ( Fig. 2; Figs S1 and S2, available in the online Supplementary Material).
Menaquinones were extracted and analysed by HPLC (Collins et al., 1985; Kroppenstedt, 1985) . Analysis of the cellwall component, DAP isomer and the whole-cell sugar composition analysis for aerobic Actinobacteria were performed using the dried cells of the type strain as per Hasegawa et al. (1983) . For analysis of cellular fatty acids, the type strain was cultured under standard conditions (30 C for 72 h) on R2A agar. After reaching a maximum cell density, the cells were centrifuged and used for both fatty acid and polar lipids analyses. For fatty acid analysis, whole-cell fatty acid methyl esters were prepared as per the modified protocol (Sasser, 2001 ) and identified using the Sherlock Microbial Identification System (version 6.10) (MIDI) (Kroppenstedt, 1985) . The polar phospholipids were extracted, purified and subjected to two-dimensional thinlayer chromatographic analysis for separation of the polar lipids (Minnikin et al., 1984) . The genomic DNA was isolated and the G+C content was determined using a HPLC reverse phase column (Supelcosil LC-18-S, Supelco) adopting the methodology of Mesbah et al. (1989) . The chemotaxonomic markers of strain PL19
T were similar to the members of the genus Streptomyces. It contained major amounts of LL-type DAP, predominant menaquinones were MK-9(H 8 ) (61.2 %) and MK-9(H 6 ) (35.3 %), and the cellular fatty acids consisted mainly of iso-C 14 : 0 (4.4 %), anteiso-C 15 : 0 (29.3 %), iso-C 16 : 0 (37.7 %), iso-C 16 : 1 H (6.7 %), summed feature 4 (iso-C 17 : 1 I/ANTEI I B; 4.9 %) and anteiso-C 17 : 0 (17.1 %) ( Table S1 ). The DNA G +C content was 69.5 mol%. The polar lipids analysis of strain PL19
T revealed the presence of phosphatidylethanolamine (PE), phosphatidylglycerol (PG), aminophospholipids (APL), aminolipids (AL) and four unidentified phospholipids (PL) (Fig. S3 ). Among these, major polar lipids of the genus Streptomyces include PE, PG and PL, but additionally two polar lipids phosphatidylinositol and phosphatidylinositol mannosides were detected in several species of the genus Streptomyces (Hozzein & Goodfellow, 2007; Tian et al., 2012; Ray et al., 2014) .
DNA-DNA hybridization of strain PL19
T and it is closest relatives was performed as per Seldin & Dubnau (1985) . The probes were randomly primed for the study using nonradioactive DIG High Prime DNA labelling and detection starter kits I and II (Roche Diagnostics). The hybridized DNA was chemiluminescently detected and quantified using a DIG luminescent detection kit and densitometer (Bio-Rad T (13.4 ± 0.5 %), were far below than the standard value (70 %) recommended for delineation of the species (Wayne et al., 1987) . These data clearly show that strain PL19
T could be accommodated within genus Streptomyces as a novel species.
Polyphasic taxonomic characters including morphological traits, biochemical features, genotypic properties like 16S rRNA gene analysis, DNA-DNA hybridization, G+C content and chemotaxonomic markers like whole cell fatty acids and polar lipids clearly affiliated the strain PL19
T as novel species within the genus Streptomyces, for which the name Streptomyces pini sp. nov. is proposed. NaCl concentration for growth (%) 0-8 0-10 0-11 0-7 0-7 0-7.5 0-7
Growth at:
Utilization of:
Hydrolysis of: Description of Streptomyces pini sp. nov.
Streptomyces pini (pi¢ni. L. gen. n. pini of pine, isolated from pine needle-like leaves).
Aerobic, Gram-stain-positive, siderophore-producing actinomycete (Fig. S4b ) producing extensively and intricately branched substrate mycelium that gives rise to aerial hyphae, which later differentiates into spiny spores that are (Fig. S4a) , and negative for hydrolysis of tributyrin and pectin. The type strain was highly sensitive to minimum concentration (25 µg ml À1 ) of antibiotics including spectinomycin, gentamycin, kanamycin, doxycycline, erythromycin, rifampicin, novabiocin and vancomycin, moderately sensitive (50 µg ml À1 ) to tetracycline, bacitracin and polymyxin B, and highly resistant (500 µg ml
À1
) to nalidixic acid, ampicillin, cefotaxime, chloramphenicol and carbenicillin. Additional phenotypic data are given in Table 1 . The predominant fatty acids consist of anteiso-C 15 : 0 , iso-C 16 : 0 , anteiso-C 17 : 0 and iso-C 16 : 1 H.
The type strain, PL19
T (=NRRL B-24728 T = ICMP 17783 T ), was isolated from Scot pine needle-like leaves collected from TNAU campus, Coimbatore, India. The DNA G+C content of the type strain was 69.5 mol%.
